We present results from nanometer-scale tunnel junctions fabricated using organic self-assembled monolayers ͑SAMs͒ as tunnel barriers. Single junctions have resistances consistent with tunneling through a single layer of molecules. In several devices, a gold nanoparticle nucleated within the SAM barrier. Such samples allow a sensitive test of mechanical stability-some are sufficiently stable to permit the observation of electron tunneling through individual electron-in-a-box states at low voltages and mK temperatures. We also observe anomalous transport characteristics at larger voltages, which may be due to the motion of the gold nanoparticle within the monolayer.
The process of self-assembly, when used in conjunction with lithographic techniques, has made it possible to study the properties of single molecules and chemically synthesized nanoparticles. By fabricating leads with nanometer separation, several groups have been able to perform tunneling spectroscopy measurements on single semiconducting or metallic nanocrystals passivated with an organic capping layer.
1-3 Zhou et al. have studied devices in which selfassembled monolayers ͑SAMs͒ are used to create molecular diodes. 4 More recently, Collier et al. have fabricated logic gates using a Langmuir-Blodgett film. 5 The self-assembly process provides great flexibility since one can tailor the electronic properties of a device by choosing the desired molecule.
In this letter, we present measurements performed on devices fabricated using self-assembled monolayers as tunnel barriers, and we explore the extent to which organic molecules can be used as mechanically stable barriers. Mechanical stability, or at least a controlled degree of mechanical instability, 5 will be essential in designing predictable and reliable molecular-scale devices. Achieving stability is a challenge because many molecules are intrinsically flexible, and the time-dependent forces associated with single charges moving through nanometer-scale devices can be large. We examine both single nanometer-scale tunnel junctions and also double-tunnel-junction devices incorporating a gold nanoparticle in a SAM barrier. The double-tunnel-junction samples are of particular interest because the barriers are sufficiently stable in some devices to allow detailed spectroscopic studies of electron tunneling through individual electron-in-a-box energy levels inside the gold nanoparticle at mK temperatures. This is the first time this has been achieved with a metal nanoparticle and SAM barriers. However, at larger source-drain voltages, we observe transport characteristics inconsistent with simple tunneling through fixed electronic states.
The samples are fabricated in a vertical geometry, through a bowl-shaped hole in a low-stress Si 3 N 4 membrane.
The hole is formed using the process developed by Ralls et al., 6 which employs electron-beam lithography and reactive-ion etching with a CHF 3 /O 2 plasma. The minimum diameter of the bowl-shaped hole is 3-10 nm. 7 Metallization is done following a procedure similar to that of Zhou et al. 4 To promote adhesion of the device to the Si 3 N 4 membrane, ϳ10 Å of Cr or Ti is first evaporated on the bowl side of the sample ͑top of the sample in the inset of length of an octanedithiol molecule ϳ1.45 nm͒. A histogram of the resistances for the octanedithiol devices is shown in Fig. 1 . Nineteen of the 21 devices have resistances between 300 k⍀ and 60 M⍀. In the remaining two devices it is likely that a portion of the monolayer pulled away from the gold contact during cooldown, resulting in much higher resistances. The large resistances in all devices indicate that transport occurs via tunneling, since metallic pinholes would give resistances р13 k⍀. Based on the known packing density of thiol SAMs on gold surfaces (ϳ5ϫ10 14 molecules/cm 2 ) 8 and the area of the junction region, we can estimate a resistance per molecule. The cross-sectional area for each batch of nanoholes was determined by evaporating copper on both sides of test samples ͑without a tunnel barrier͒ and converting the point-contact resistance to an area (A) using the Sharvin formula (Rϭ(h/e 2 )2/(k F 2 A)). 9 This estimate has been shown to be in good agreement with direct electron microscopy measurements. 7 For the batch of samples in Fig.  1 , we find a diameter of ϳ5 nm. Treating the molecules as parallel resistors we calculate an average resistance per molecule ͑for the nineteen lower resistance tunnel junctions͒ between 30 M⍀ and 6 G⍀ for the 1,8-octanedithiol devices. A similar analysis for the 1,6-hexanedithiol samples yields a resistance per molecule between 11 M⍀ and 2 G⍀. T. Sato and Ahmed have calculated the resistance of a single molecule of 1,6-hexanedithiol to be ϳ30 G⍀. 3 It is not surprising that the measured values are lower than theoretical predictions due to the possibility of imperfections in the SAM layer.
In a small percentage of samples (ϳ2%͒ the results of the sample fabrication were not simple tunnel junctions with linear I-V curves, but rather I-V curves displaying evenly spaced Coulomb-blockade steps, characteristic of electron tunneling through a single metal nanoparticle ͑Fig. 2͒. In these samples it is likely that an Au particle nucleates on top of the self-assembled monolayer during the Au evaporation, and then nearby dithiols diffuse to cover the nanoparticle. The end result is a device with an Au nanoparticle connected to two macroscopic leads via organic linker molecules. The nonzero conductance in the blockade region in Fig. 2 is likely due to direct tunneling through the SAM barrier.
In nanoparticle tunnel junctions previously fabricated using aluminum oxide tunnel barriers, tunneling via individual electron-in-a-box energy levels within the nanoparticle produced a fine structure of discrete resonances in dI/dV at mK temperatures. 10, 11 In the SAM-barrier samples we also observe similar resonances. Figure 3 shows I -V and dI/dV -V curves at selected magnetic fields for a sample fabricated as described above with 3-mercaptopropionic acid forming the tunnel barriers. The first few resonances beyond the tunneling threshold for each sign of bias can be identified as tunneling through the same discrete states within the nanoparticle ͑in opposite directions͒, with the relative positions in voltage giving a capacitance ratio C 1 /C 2 ϭ1.02. Another sign that the resonances are due to tunneling via discrete quantum states within the particle, rather than a more exotic cause, is the observation of Zeeman spin splitting as a function of applied magnetic field ͑well resolved for the first tunneling state above threshold͒. After accounting for the capacitive division of voltage across the tunnel junctions, we find an effective g-factor gϳ1.5Ϯ0.1 for this Zeeman doublet. The ability to resolve narrow tunneling resonances and also the reproducibility of the spectra provide evidence that the nanoparticle is not undergoing large-scale motion in the course of these measurements, because such motion is known to shift the nanoparticle states 12 and would be expected to broaden any tunneling resonances.
This stability is not absolute, however. We occasionally observe large, sudden shifts in the threshold voltage required to overcome the Coulomb charging barrier. It is because of such shifts that the tunnel spectra in Fig. 3 are not displayed below 2 T or above 4 T. The negative differential conductance visible between Ϫ4 and Ϫ5 mV is also unusual compared to devices with Al 2 O 3 barriers, and is most easily explained as a voltage-dependent instability that shifts the Coulomb-staircase curve. Figure 4 shows data from a Coulomb-blockade device fabricated with 1,8-octanedithiol. The capacitance ratio, C 1 / C 2 ϭ2.04, for this sample is determined by measuring the peak widths as a function of temperature. From left to right, the three small conductance peaks near Ϫ9 mV give g factors of 1.4, 1.9, and 0.1. The g factors are accurate to within ϳ10%, with most of the error due to the determination of the capacitance ratio. The variation in g factors can be explained as due to spin-orbit scattering. 13, 14 There are two surprising aspects of these data. One is the strong magneticfield dependence of the three conductance peaks indicated with lines in Fig. 4 . The large peak near Ϫ30 mV moves more than 7 mV over a field of 8 T; this gives ͑taking into account the capacitive voltage division͒ g eff ϳ20. This is much too large to explain with any mechanism invoking simple tunneling through a fixed energy level on the nanoparticle, because spin-orbit scattering should always produce gр2. The second surprising aspect, which appears to be associated with the onset of conduction at this anomalous peak, is a large increase in the conductance noise ͑not reproducible͒ with increasing source-drain bias. It is possible that transport in this regime is not due to simple tunneling, but may involve the motion of the Au grain, such as in the ''shuttle mechanism'' proposed by Gorelik et al. 15, 16 We can rule out effects of resonant tunneling through states in the barriers because we see no sign of this in the single-junction samples.
In conclusion, we have fabricated both single tunnel junctions and Coulomb-blockade devices using SAMs as the tunnel barriers. The single-junction devices give resistances and barrier heights consistent with tunneling through a single layer of molecules. We have shown that it is possible to resolve well-defined electronic states in a metal nanoparticle using tunnel junctions formed from SAMs. With increasing source-drain voltages, the nanoparticle-tunneling devices exhibit anomalous behavior as a function of magnetic field and voltage. Further calculations are required to determine if this behavior is related to the ''shuttle mechanism'' proposed by Gorelik et al. 
